For reliable classification of HIV-1 strains appropriate reference sequences are needed. The HIV-1 genetic subtype F has a wide geographic spread, causing significant epidemics in South America, Africa, and some regions of Europe. Previously only two full-length sequences of each of the HIV-1 subtype F subclusters F1 and F2 have been described. To extend the knowledge of subtype F variation on a complete genome level, three new virtually full-length F1 sequences were cloned and sequenced, two from Africa and one from South America. Comparison of the new and previously described sequences showed that monophyletic clustering of the subcluster F1 of subtype F is consistent and highly supported in all genome regions. Two additional full-length strains were shown to be mosaics of subtypes F and D. These epidemiologically unrelated F/D sequences showed similar chimeric structure, suggesting that they may represent a previously undescribed circulating recombinant form (CRF). This was supported by partial sequences from three additional unlinked F/D recombinants. Genetic distances in the phylogenetic trees suggest that the recombination event leading to the putative CRF occurred relatively long ago, close to the divergence of the F1 and F2 subclusters. Furthermore, all five F/D recombinants are linked to the Democratic Republic of Congo, suggesting that the original recombination event took place in central Africa.
INTRODUCTION
A high degree of variation among HIV-1 strains has resulted in the establishment of multiple parallel evolutionary lineages. Strains of HIV-1 are phylogenetically divided into three groups, M (major), O (outlier) , and N (non-M-non-O), of which the M group viruses are most widespread and form the majority of the HIV/AIDS pandemic. The M group can be further divided into several different subtypes (A-K) (Korber et al., 1998; Triques et al., 2000) . Subtype F is furthermore subdivided into two subclusters, or subsubtypes, designated F1 and F2. For most subtypes, there are now a sufficient number of complete genome sequences available to demonstrate that the phylogenetic subtype classification is consistent in all parts of the genome.
Subtype F strains have been found in significant numbers in South American countries such as Brazil and Argentina (Potts et al., 1993; Morgado et al., 1994; Sabino et al., 1996 , Louwagie et al., 1994 Gao et al., 1996b; Lukashov et al., 1996; Marquina et al., 1996; Campodonico et al., 1996) , in Africa in the Democratic Republic of Congo (DRC) and Cameroon (Nkengasong et al., 1994; Lukashov et al., 1996) , and in Europe in Romania, Russia, Cyprus, and France (Dumitrescu et al., 1994; Liitsola et al., 1996 , Kostrikis et al., 1995 Simon et al., 1996) . See also the HIV Sequence Database (http://hiv-web.lanl.gov; Korber et al., 1998) . The Cameroonian isolates and one strain from the DRC form the F2 subcluster within the F cluster, whereas the other strains fall into the F1 subcluster (Nkengasong et al., 1994; Lukashov et al., 1996; Triques et al., 1999 Triques et al., , 2000 Peeters et al., 1998) .
However, as with most HIV-1 sequences (independent of the subtype) available in GenBank, the majority of the available subtype F sequences are short sequence fragments (usually env or gag). So far only two full-length strains of subtype F1 and two of subtype F2 have been cloned and sequenced (Gao et al., 1998b; Triques et al., 2000) . Often HIV-1 strain subtypes are determined by sequencing only one or a few short segments of the genome. Such a typing strategy overlooks the fact that in addition to evolving by accumulation of point mutations, several studies conducted in recent years have shown that recombination between subtypes may be quite common (Robertson et al., 1995a) .
Piecemeal sequencing may not accurately describe the genetic makeup of a virus, since the recombination events might have occurred elsewhere in the genome than in the sequenced parts. This has frequently resulted in a strain that was originally classified as belonging to a single subtype later proving to be a mosaic of two or more subtypes after a full-genome sequence was produced (Robertson et al., 1995b; Carr et al., 1996; Gao et al., 1996a Gao et al., ,b, 1998a .
In addition to reports of independent unique chimeric strains, some epidemics caused by recombinant HIV-1 strains have been encountered (Carr et al., 1996; 1998; Gao et al., 1996a; Liitsola et al., 1998) . In these cases the recombinants behave like the genetic subtypes, forming monophyletic clusters in phylogenetic analyses. Such epidemic recombinants form a significant contribution to the molecular epidemiology of HIV and have recently been given the collective designation of a circulating recombinant form (CRF). Currently three such CRFs have been described: the AE CM240 CRF prevalent in Southeast Asia, the AG IbNG CRF prevalent in western and central Africa, and the AB KAL153 CRF, which is found in several Eastern European countries (Liitsola et al., 1998 , submitted for publication, a). The common factor in all CRFs described to date is that one of the parental viruses belongs to subtype A. No CRFs that would not include subtype A-derived regions have yet been reported.
To allow a better definition of the F subtype and recombinants involving subtype F we have cloned and sequenced three virtually complete subtype F viruses and two F/D recombinants and compared them to existing sequences. The two F/D recombinants were also compared to epidemiologically unlinked F/D recombinant strains from The Netherlands and Belgium (Op de Coul et al., 1999) .
RESULTS

Full-length clones
The lengths of the cloned sequences were as follows: F9363, 8925 bp; BZ126, 8962 bp; VI850, 8945 bp; VI1310, 9083 bp; and VI961, 9005 bp. The open reading frames for the genes were intact in all sequences, except in VI961, in which pol was prematurely truncated due to a frameshift mutation at position 3696, and in F9363, due to a point mutation resulting in a premature stop codon at 1473 in pol. All strains had two NFB sites, three SP-1 sites, a normal TATA box, and a typical 3-nt bulge in the TAR stem region. However, the secondary structure prediction for the TAR top loop for one of the isolates (VI850) indicated a 4-nt top loop instead of the normal 6-nt loop. Whether this has any consequences for the biological properties of the virus is uncertain. There was some minor variation in the length of gag products in some of the strains compared to what is usually seen. In BZ126 and VI850 the Gag protein was six amino acids longer than it usually is in subtype F strains.
Phylogenetic analyses
The phylogenetic tree based on full-length sequences shows the clustering of the subtype F strains together with the F1 reference strain BR020 as well as the independent clustering of the F/D mosaic strains (Fig. 1) . A recently published F1 sequence (Triques et al., 2000) was not included in our analyses, but preliminary analysis indicates that it is a member of the F1 subtype. The bootstrap values supporting subtype and CRF clades and intraclade subclusters (AG IbNG and AE CM240 CRFs, the F1 and F2 subclusters within the F clade) were significant.
Detailed analysis of the newly derived complete genome sequences
Similarity plotting and bootscanning analysis of the newly derived BZ126, F9363, and VI850 complete genome sequences showed them to be most closely related to the BR020 subtype F reference sequence in all genome regions and therefore verified their classification as new reference strains for subtype F subcluster F1 (Fig. 2) . A similar analysis of the virtually full-length sequences of isolates VI1310 and VI961 revealed them to be F/D mosaics and to possess multiple recombination sites throughout the genome. Figure 3 compares the similarity and bootscan plots. The locations of the breakpoints in the two sequences are shown. A short gap region in the beginning of the sequence in the similarity plots represents a region for which no genetic data were available (due to the PCR strategy). The sequence of the 5Ј LTR U3 was not present in the cloned provirus but was reconstructed based on the 3Ј LTR sequence for the purpose of clarity. The breakpoints in VI1310 and VI961 are mostly similar but some slight discrepancies can be observed.
The sequences were next broken into 12 independent fragments corresponding to the inferred recombined regions and separately analyzed phylogenetically (Fig. 4) . This analysis confirmed the inferred breakpoints for most regions. However, the fragment corresponding roughly to the pol p10 protease coding region-the third fragment in Fig. 3 -could not be verified to belong to subtype F by this analysis (tree not shown), although the bootscan seems to indicate such a result. In the similarity plot the region was unclassified, and it is possible that it is too short to be analyzed reliably. In some of the trees the bootstrap values are probably affected by placing of the other sequences. For example, strain UG114 seems to cause a lowering of the value for the D cluster in Fig. 4C (the value is 71% without UG114; not shown). This might reflect the close relationship between the B and the D subtypes. Also, in some other fragments the short length as well as the inconsistent clustering of strains representing different clades leads to low bootstrap values. An example of this is the vif-vpr region, which is problematic in subtypes A and G and the AE CM240 CRF that tend to form a supercluster in this region (Carr et al., 1998) . This explains the cross-clustering of subtypes A and G in Figs. 4G and 4H.
The seventh fragment (the end of pol and the beginning of vif) was supported by a low bootstrap value (65%) in the phylogenetic analysis (Fig. 4F ). The bootscan picture suggests that the region might have a short fragment of subtype D in the middle (particularly in the isolate VI1310, Fig. 3B ), although this could not be confirmed by individual fragment phylogenetic analysis. Using the split decomposition analysis as implemented in Splitstree supported the classification of this region as recombinant (not shown). However, due to the low bootstrap value and uncertain similarity plot the whole fragment is shown as "unclassified" in the genome picture in the middle (striped). The eighth and ninth fragments were analyzed phylogenetically separately because in VI1310 they are different from each other: the eighth fragment is classified as subtype D, whereas the ninth remains unclassified (shown as striped; this isolate was excluded from Fig. 4H ). In Figs. 3C and 3D the corresponding fragments (fragments 8 and 9) of the sequence VI961 are shown as a contiguous region belonging to subtype D.
In summary, the LTR R and U3 region of isolates VI1310 and VI961 consists of subtype F and gag of subtype D.
The pol region consists of intervening subtype D and F fragments with some unclassified regions. Vif is unclassified and D in both strains, but although vpr and the first exon of tat are also D in the strain VI961, they remain unclassified in VI1310. Vpu and env are F in both strains except for a small fragment of D in the gp41 region (tat and rev second exons and the region coding for the transmembrane part of gp41). Nef is derived from subtype F. In short, these F/D mosaics seem to consist of close to equal proportions of subtypes F and D.
Comparative analysis of five distinct F/D mosaics in gag-pol and env regions
The isolates BEVI1206 and BEVI1267 were analyzed earlier by env sequencing and were classified as F (Heyndrickx et al., 1998) . BEVI1206 was obtained from a Belgian woman who probably was infected in the DRC and BEVI1267 was obtained from a Belgian woman who acquired the virus from a seropositive partner from the DRC. Later, these strains were analyzed in the gag-pol region along with another strain, R890820, and all were found to be structurally similar F/D mosaics (Op de Coul et al., 1999) . R890820 was isolated from a Dutch man who had a female partner from the DRC. No epidemiological link was evident between the three cases based on available background information.
Sequences from these individuals were compared to the newly obtained full-length F/D sequences, VI1310 and VI961, in the corresponding genomic regions (env V3 and gag-pol) . The clustering of all five sequences is similar in all regions analyzed (Figs. 5A-5C ). The breakpoint in the gag-pol region where the sequence changes from D to F was found to be located at the same site in all five sequences ( Fig. 5D ; position 1980-2722 in HXB2r). The fragment may contain two other possible recombination sites, first at position 1340, which corresponds to 2148 in HXB2r (from D to F), and again at position 1420, which corresponds 2192 in HXB2r (from F to D), but there is some minor variation in the exact locations (see Fig. 5D ). However, this region is too short to allow for reliable interpretation. The results indicate that all five strains are likely to represent members of the same recombinant HIV-1 evolutionary lineage.
DISCUSSION
This article describes the first full-length F/D intersubtype recombinant isolates and extends the known variation of the F subtype subcluster F1 by providing three new virtually full-length reference sequences originating in Kenya, Brazil, and the DRC. The full-length sequences of all these strains belong to the F1 subcluster in all genomic regions and consistently cluster with the previously described full-length subcluster F1 reference strain BR020. The phylogenetic structure of the F clade, and the F1 subcluster in particular, is now on a more solid basis than before. Recent work by Triques et al. (2000) , which demonstrated that subtype F does not form a homogenous clade, but is divided in two distinct subclusters, is further supported by the analysis presented here.
In addition, two full-length sequences with an intersubtype mosaic pattern consisting of intervening fragments of subtypes F and D were described and their pattern of recombination and relation to other previously described recombinant viruses of subtypes F and D was analyzed. In all the analyses, the virtually complete genome sequences of the two F/D recombinant strains
FIG. 2.
Similarity plot (A) and bootscan (B) of the three new subtype F subgroup F1 complete genomes compared to the consensus reference sequences. Similarity plots and bootscanning were performed as described under Materials and Methods, except that a window of 600 bp was employed for reasons of clarity. Positions indicate alignment coordinates. (A) The BR020 reference was compared to the newly derived F1 sequences (solid black lines) and to consensus reference sequences of subtypes A-K (gray dotted lines). (B) The bootstrap value of the F1 cluster of four sequences was analyzed along an alignment of all reference sequences excluding F2 using neighbour-joining analysis. This was performed using the bootscanning package for Linux.
resemble one another to a great extent. The genome segment patterns and breakpoint locations are very similar (Fig. 3) . A common source of infection was first considered based on the similar genetic structure of the isolates, but there was no evidence for an epidemiological link between the individuals. On the contrary, the background information suggested that the infections were independent. However, the original source of the virus could be traced to the DRC in all cases. This brings up the possibility that the viruses represent an evolutionary lineage that has been established from a point source since the original recombination event occurred. The likely location of this event would be Central Africa and possibly even the DRC, where multiple subtypes (including F and D) are known to circulate (Peeters et al., 1998) . The DRC has been reported to have a relatively high prevalence (5.3%) of subtype D compared to many other African countries. The prevalence for subtype F is also high (8.9%) in the DRC as well as in neighboring countries such as Cameroon (14.4%) and Gabon (3.2%). It can be predicted that in a country with several genetic subtypes of HIV-1 circulating, the chance of a dual infection with two different subtypes is high and thus the likelihood for generating intersubtype recombinant strains is also high.
Another case of three independent, yet highly similar F/D mosaic isolates found by others supports the existence of an F/D evolutionary lineage originating in Central Africa (Op de Coul et al., 1999) . In this study all of the isolates also could be traced back to the DRC. In comparisons of the gag-pol and V3 sequences from these strains and the newly described F/D mosaics all sequences were found to be highly related. In phylogenetic analysis, some variation between the five F/D strains was found, but it is of a magnitude similar to that seen within the other CRF subclusters, in particular the AE CM240 and AG IbNG lineages (Fig. 1) . The independent epidemiological origins of the isolates and the high level of similarity between them coupled with a monophyletic clustering in phylogenetic trees would suggest that this F/D mosaic is a representative of a fairly prevalent evolutionary lineage, which might in the future be classified as a new CRF. However, the formal requirement for assigning a new CRF is the existence of at least three epidemiologically independent complete genome sequences that share their recombinant structure and form a monophyletic cluster in all regions of the genome. Since we have sequenced only two complete genomes, the formal clas- Fig. 3 ) of the F/D mosaic strains based on recombination points in the genome. Recombinant sequences are shown in large font. The bootstrap value supporting the clustering is indicated next to the node. Some of the reference sequences were excluded from the first two analyses and from the last analysis because no sequence data from those regions were available. (A) 5Ј LTR U3. (B) gag (p17, p24, p7, p6) . The fragment corresponding to pol p10 was too short to be analyzed reliably and thus is not represented here. sification of the FD CRF will have to await sequencing of another similar virus isolate.
FIG. 4. Phylogenetic analyses of individual fragments (numbered according to
In summary the findings of this study extend the information available for subtype F viruses, verify their division into two distinct subgroups, F1 and F2, and provide evidence for the possible existence of the first CRF that does not contain subtype A-like sequences. The results increase our understanding of HIV-1 molecular epidemiology and variation and may have implications for the design of future vaccines. If HIV subtypes must be considered in vaccine development, CRFs are in the same position as the subtypes and therefore information on their prevalence is as valuable as that of the subtypes.
MATERIALS AND METHODS
Viral isolates
Full-length clones were produced and completely sequenced from five short-term PBMC coculture isolates (isolated according to UNAIDS Virus Isolation Guidelines) from Belgium (isolates VI1310, VI961, and VI850, all linked to the DRC), Finland (F9363 linked to Kenya), and Brazil (BZ126). The isolates had been previously classified as members of subtype F based on phylogenetic analyses of short fragments or by heteroduplex mobility assay (Delwart et al., 1993; Louwagie et al., 1994; Heyndrickx et al., 1998; Van de Peer et al., 1996; Liitsola et al., submitted for publication, b) . The isolate VI1310 was obtained from a Belgian woman, reportedly infected by a man who frequently traveled to the DRC. The individual infected with VI961 was the partner of a seropositive man from the DRC. The isolate VI850 is from a Belgian man infected by his wife, who acquired the infection in the DRC. The isolate F9363 is from a Finnish man, who most likely was infected by a Kenyan woman. Strain BZ126 is from a Brazilian individual infected in Brazil. Total cellular DNA was isolated from the cells of the PBMC HIV coculture at the peak of HIV antigen production using a commercially available kit (Qiagen Blood and Cell Culture Kit, Qiagen GmbH, Hilden, Germany).
PCR and cloning of the amplified fragments
PCR amplification and cloning were performed essentially as previously described (Salminen et al., 1995a) . Briefly, virtually full-length genomes were amplified using the Expand Long Template PCR Kit (Boehringer Mannheim, Mannheim, Germany) using buffer 2 since it turned out to give optimal amplification and cloning results. Primers MSF12 5Ј-AAATCTCTAGCAGTGGCGCCCGAA-CAG-3Ј (location in HXB2r, 623-649, includes a unique BbeI site) and MSR5 5Ј-GCATGCGCCCTCAAG-GCAAGCTTTATTGAGGCT-3Ј (location in HXB2r, 9606-9638, includes a unique BglI site) were used. These primers amplify a region of 9003 bp in HXB2r. In some cases the first-round PCR was not successful, so an additional seminested PCR was carried out with primers MSF14, 5Ј-TCTCTCGACGCAGGACTCGGCTTG-3Ј (location in HXB2r, 682-705), and MSR5, which amplify a fragment of 8945 bp. The first-round primers are complementary to the tRNA primer binding site, located at the 5Ј end of the genome just before the gag leader region, and to the polyadenylation site at the 3Ј end, which is located between the R and the U5 regions of the 3Ј LTR.
The thermocycle program for the first-round PCR was 94°C for 2 min, 94°C for 10 s, 60°C for 30 s, 68°C for 8 min, repeated for 9 additional cycles starting from step 2; 94°C for 10 s, 55°C for 30 s, 68°C for 8 min, repeated 19 times, 72°C for 30 min (end segment). Total cellular DNA (50-250 ng) from HIV-infected cells in a volume of 1 l TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) was used as template in a PCR of 50 l (or in the case of the seminested PCR, 1 l of the first-round product), after which the products of 10 successful repeat reactions were pooled and the amplified DNA was gel-purified using the QIAquick Gel Extraction Kit (Qiagen GmbH). All other reaction components were assembled according to the recommendations of the manufacturer. Purified DNA was TA-cloned using the pCR 2.1 vector (Invitrogen, San Diego, CA) following the manufacturer's instructions, but it was incubated at 15°C overnight in the ligation reaction. Plasmids were heat-shock transformed into STBL-2 Max Efficiency cells (Gibco BRL Life Technologies, Inchinnan, Scotland). Clones were chosen for further studies based on positive hybridization with radioactively labeled probes and later by digestion with restriction enzymes. Plasmid DNA was purified and prepared with the Qiagen Plasmid Maxi Kit (Qiagen GmbH).
Full-length clones were sequenced completely by primer walking using cycle-sequencing with dye-deoxy terminators and an ABI 377 automatic sequencer (Perkin-Elmer Applied Biosystems Division, Foster City, CA).
Phylogenetic analyses
New full-length sequences were aligned with and compared to existing full-length reference sequences. These included the following sequences: subtype A, (UG037, U455, SE7253, SE7535, Q23, SE8131, SE8891, SE8538), CRF AE CM240 (TH253, CM240, CR402), CRF AG IbNG (IbNG, DJ263, DJ264, SE7812); subtype B (CAM1, RF, OYI, D31, U23487, HXB2r, MN, JRCSF); subtype C (BR025, C2220); subtype D (ELI, NDK, Z2Z6, UG114); subtype F, subcluster F1 (BR020), subcluster F2 (MP255, MP257); subtype G (HH8793, G6165, NG083, NG003); subtype H (CF056, VI991, VI997); subtype J; and subtype K (EQTB11, MP535).
Phylogenetic analyses were performed and bootstrap values (100 replicates) calculated for each subtype branch using ClustalW applying the Kimura two-parameter model of evolution, or the SEQBOOT, DNADIST (with the F84 maximum-likelihood model), and NEIGHBOR or FITCH programs of the Phylip software package (version 3.572c, Felsenstein, 1981 (version 3.572c, Felsenstein, , 1991 . In order to determine the approximate breakpoints in mosaic sequences, bootscanning and similarity plot analyses were carried out with SimPlot (version 2.5) in a sliding window of 400 (or 600) bases (Salminen et al., 1995b; Ray, 1998 Ray, /1999 . Based on the inferred breakpoint locations, the sequence alignment was broken into corresponding fragments that were phylogenetically analyzed individually. Some regions for which the above methods did not unambiguously provide classification were further analyzed using the program Splitstree (version 2.1.1.), which in contrast to most phylogenetic software is able to show alternative tree topologies simultaneously (Huson, 1998) .
Sequence accession numbers
The full-length sequences of VI1310, VI961, VI850, F9363, and BZ126 have been deposited with GenBank under accession numbers AF193253, AF076998, AF077336, AF075703, and L22083, respectively.
